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Gravitational wave (GW) detection in space probes GW spectrum that is inaccessible from the 
Earth. In addition to LISA project led by European Space Agency, and the DECIGO detector 
proposed by the Japan Aerospace Exploration Agency, two Chinese space-based GW observatories— 
TianQin and Taiji-are planned to be launched in the 2030s. TianQin has a unique concept in its 
design with a geocentric orbit. Taiji’s design is similar to LISA, but is more ambitious with longer 
arm distance. Both facilities are complementary to LISA, considering that TianQin is sensitive to 
higher frequencies and Taiji probes similar frequencies but with higher sensitivity. In this Perspective 
we explain the concepts for both facilities and introduce the development milestones of TianQin 
and Taiji projects in testing extraordinary technologies to pave the way for future space-based GW 
detections. Considering that LISA, TianQin and Taiji have similar scientific goals, all are scheduled 
to be launched around the 2030s and will operate concurrently, we discuss possible collaborations 
among them to improve GW source localization and characterization. 


I. INTRODUCTION 


After the first direct detection of gravitational wave 
(GW) in September 20151”, there have been 50 reported 
GW detections by the ground-based Laser Interferome- 
ter Gravitational-Wave Observatory (LIGO) and Virgo 
observatory?*. These GW events were identified as 
merges of binary black holes (BBH)'?:?1°, binary neu- 
tron stars'!!?, BH-neutron star mergers or the coales- 
cence of a BH with a mystery compact object!. 

For ground-based GW detectors, their high frequency 
range (10-1,000Hz) implies that even stellar-mass binary 
mergers emit GWs for only short durations. Multiple 
interferometers are needed to confidently detect GWs 
and eliminate false alarm events. Using the time delay 
between multiple detectors in different locations allows 
the sky location of the GW source to be pinpointed us- 
ing triangulation. The large distance between the ad- 
vanced Virgo and the advanced LIGO detectors helps 
them achieve different orientations due to the Earth’s 
curvature and because their interferometer arms are not 
parallel to each other it is expected that the polariza- 
tion of GWs can be extracted from LIGO-Virgo net- 
work data’. A global network of ground-based GW 
detectors will play a key role in exploring the popula- 
tion of BHs and neutron stars with GWs in the fre- 
quency band around 100 Hz. In addition to the ad- 
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vanced LIGO!':!> and Virgo!® detectors, the Kamioka 
Gravitational Wave Detector (KAGRA)!"1® has joined 
the network of ground-based detectors. In the near fu- 
ture, LIGO India will also join the network. 

Ground-based detectors are not sensitive to GWs be- 
low 1Hz because of terrestrial gravity gradient noise. A 
space-based detector is free from such noise and can be 
made very large, thereby expanding the frequency range 
downwards to 1074 Hz, where exciting GW sources are 
waiting to be explored. Space-based observations can 
probe dynamic coalescing systems, characterize how they 
grow, pair up and merge, and estimate the space den- 
sity and environments of massive BHs (MBHs). Cover- 
ing different GW frequency ranges, space-based GW ob- 
servations will provide a unique tool for testing gravity. 
Some highly relativistic events, such as BBH coalescences 
with masses below 10° solar masses (Mọ), last a year or 
longer. This long duration allows a single space-based 
detector to provide directional information as it orbits in 
the sky during the observation. The equilateral triangle 
design of space-based GW interferometers can provide in- 
dependent information on the GW polarization. Further- 
more, the improved sensitivities of space-based detectors, 
afforded due to the increased interferometer arm length, 
will enable improved searches for the cosmological GW 
background. Note that if the arm length is comparable 
or even longer than the wavelength of GWs, then the 
sensitivity deteriorates. 

Proposed projects for space-based GW observato- 
ries include the Laser Interferometer Space Antenna 
(LISA)!® led by European Space Agency (ESA), the 
Deci-hertz Interferometer Gravitational Wave Observa- 


tory (DECIGO)?! * led by Japan Aerospace Exploration 
Agency (JAXA) and two Chinese detectors, TianQin?4 
and Taiji. LISA consists of three identical spacecraft 
separated by 2.5 million km that form an equilateral tri- 
angle. The center of the triangle formation is in the eclip- 
tic plane, lau from the Sun and 20° behind the Earth 
(Fig. 1). LISA will measure GWs in the band from 
10-*Hz to 10-1Hz (Fig. 2). To demonstrate the tech- 
nology capability, LISA Pathfinder was launched on 3 De- 
cember 2015. The mission showed that the residual noise 
of the interferometer onboard is 32.0774 fm Hz~!/?, the 
differential acceleration noise is 1.74+0.05 fm s~? Hz~!/? 
above 2 mHz and (6+ 1) x 10 fms~? Hz~!/? at 20 uHz, 
and the performance of diagnostic subsystem achieves 10 
uK Hz~'/? in the mission band, 1 mHz < f < 30 mHz 
(refs.2°-31). The performance of LISA Pathfinder demon- 
strates the progress of the LISA project. The LISA ob- 
servatory is expected to launch around 2035. 

DECIGO is the planned Japanese space-based GW 
antenna mission?! ° that aims to observe GWs in the 
frequency range from 0.1 Hz to 10 Hz, which bridges 
the frequency gap between LISA and terrestrial detec- 
tors, using an arm length of 1,000 km (Fig. 2). The 
DECIGO observatory consists of four clusters of space- 
craft, each comprising three spacecraft forming an equi- 
lateral triangle and three Fabry-Perot Michelson inter- 
ferometers. Two clusters are placed at the same place 
in a heliocentric Earth-trail orbit, while the other two 
clusters are distributed around the Sun?? (Fig. 1). DE- 
CIGO Pathfinder, B-DECIGO, is expected to launch in 
the 2030s*. 

TianQin is a space-based GW detector developed by 
a Chinese team at Sun Yat-Sen University?+ with some 
unique features in its project concept. Similar to the Or- 
biting Medium Explorer for Gravitational Astronomy ( 
OMEGA), Geostationary Antenna for Disturbance-Free 
Laser Interferometry (GADFLI) and Geosynchronous 
Laser Interferometer Space Antenna (gLISA)?*°°, Tian- 
Qin will be placed in a geocentric orbit, which is easily 
reachable for the implementation and operation (Fig. 1). 
The arm of the equilateral triangle is around 10°km, and 
the frequency sensitivity band of the detector overlaps 
with that of LISA near 10~*Hz and with that of DECIGO 
near 0.1 Hz (Fig. 2). Because TianQin’s arm length is 
shorter and its sensitivity in the higher frequency regime 
is better than LISA and Taiji, TianQin bridges the fre- 
quency gap between LISA and DECIGO and might per- 
form better than LISA in the high-frequency regime?®37, 
that is relevant to the search for intermediate-mass BHs. 
The launch of TianQin is expected to be around 2035. 

There is another Chinese project of space-based GW 
detector, Taiji, which was proposed by scientists at the 
Chinese Academy of Sciences”. Similar to LISA, Taiji is 
in a heliocentric orbit ahead of the Earth by about 18—20° 
(Fig. 1), as a compromise between orbit injection costs 
and Earth-lunar system disturbance. The spacecraft are 
farther apart than LISA with a separation distance of 3 
million km, giving the detector access to frequencies cov- 


ering the range of 10~*Hz to 0.1Hz with higher sensitivity 
around 0.01 — 0.1 Hz than LISA (Fig. 2). If both launch 
according to plan, Taiji and LISA will have a few years 
of overlapping observing time, leading to some key capa- 
bilities that will be discussed below. Taiji is expected to 
launch around 2033. 


The Chinese space GW detection projects will mostly 
be supported by the Chinese government, including 
the Ministry of Science and Technology, the Chinese 
Academy of Sciences, the National Natural Science Foun- 
dation, the Ministry of Education, the China National 
Space Administration and local government agencies. 
For Taiji, the estimated project cost is around 14 bil- 
lion yuan (US$2 billion), roughly the same as the budget 
for LISA. The total cost of TianQin is about 2 billion 
yuan (US$0.28 billion). Note that all costs given here 
are only estimations. 


With all three space-based detectors launching in the 
2030s, a period of concurrent observations may be possi- 
ble, leading to a true multi-band approach to GW astron- 
omy from space***°. Combining these GW observatories 
with X-ray, optical and radio instruments such as the 
Athena mission*!“?, the Global Astrometric Interferom- 
eter for Astrophysics (GAIA)**, the Large Synoptic Sky 
Survey (LSST)**, the Square Kilometer Array (SKA)*°, 
the European Extremely Large Telescope (EELT)*° and 
so on would provide multi-messenger observations of the 
Universe. Overlap of science targets in different space- 
based GW observatories will require a networked anal- 
ysis of data from different space-based GW observato- 
ries. The Taiji group has outlined the possibility of a 
direct collaboration with LISA*”“°. The properties of 
the LISA and TianQin instruments have also been com- 
pared and pitted against each other?®7 and the potential 
for exploring the unseen universe is far greater via coop- 
eration than competition: the space-based detection of 
GWs should by all means be international. 


In addition to millihertz—kilohertz band, pulsar tim- 
ing arrays (PTAs) are used to detect GWs pro- 
duced by binary supermassive black holes (SMBHs) 
in the nanohertz frequency band. These PTAs in- 
clude the European Pulsar Timing Array (EPTA)*°, 
the North American Nanohertz Observatory for Gravi- 
tational Waves (NANOGrav)*!, the Parkes Pulsar Tim- 
ing Array (PPTA)°?, the Five-hundred-meter Aperture 
Spherical Telescope (FAST)°*, and the SKA. The 
EPTA, PPTA and NANOGrav constitute the Interna- 
tional Pulsar Timing Array project (IPTA)™ (Fig. 2). 
As the stochastic cosmic GW background, the primordial 
GWs (the quantum fluctuations of tensor perturbations) 
expected from an inflationary scenario” °° could also be 
explored by the detection of B-mode polarization in the 
cosmic microwave background radiation, although it has 
not been detected yet®?®!. Projects aiming to detect 
the B-mode polarization include BICEP3 at the South 
Pole®?, SPTpol on the South Pole Telescope (SPT)®’, 
POLARBEAR-2, the Ali project® at Tibet, China, 
the Probe of Inflation and Cosmic Origins (PICO)®, the 


LiteBIRD Satellite Mission®’, the CMB-S4® and son on. 

In the following, we will detail the concept, roadmap, 
current status and future development of TianQin and 
Taiji. We will also briefly introduce the organizations 
and collaborations involved in the two projects. Fi- 
nally, we will discuss the effectiveness of future collab- 
orations among global space-based GW observatories in 
accurately locating GW sources. 


II. TIANQIN PROJECT 


TianQin (R), meaning ‘harp in the sky’ in Chinese, 
is a space-based observatory waiting to be ‘plucked’ by 
GWs. This project was first proposed in 201474, when 
GWs were not yet detectable. The initial goal of the 
project was to detect a GW signal, thus the normal vec- 
tor of TianQin’s detector plane points towards the cal- 
ibration source, RX J0806.3+1527 (a particular pair of 
orbiting white dwarf stars, called HM Cancri®?"?), the 
most accessible GW source in the millihertz band. Differ- 
ent from other space-based GW detectors, such as LISA 
and DECIGO, which aim to detect GWs from unknown 
sources, the role of the calibration source will help to de- 
termine the sensitivity of the TianQin detector so that 
it optimizes the detection of GWs from the calibration 
source with known properties. 
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FIG. 1. Schematic of space-based GW detector con- 
stellations. The detector plane of TianQin points to the 
calibration source RX J0806.3+1527 and DECIGO has four 
clusters. 


The three spacecraft of TianQin orbit the Earth with 
a radius of ~ 10° km and rotate around the Sun together 
with the Earth with an arm length of V3 x 10° km. The 
benefits of choosing a geocentric orbit include reducing 
the launch cost, shortening the signal transfer duration, 
simplifying telecommunications and more easily guiding 
satellites through global navigation, laser ranging and so 
on. However, the geocentric orbital motion means that 
we will have to cope with a few issues that will not affect 
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LISA and Taiji: (1) the thermal stability of the space- 
craft, which can be caused by the variation in the sunlight 
direction relative to the orbital plane or eclipses due to 
the Earth or the Moon temporarily blocking the sunlight; 
(2) the constellation stability relating to the distortion in 
the equilateral triangle induced by the gravitational dis- 
turbances, especially from the nearby Earth-Moon sys- 
tem; (3) the problem of a steady power supply because 
of the eclipses of the Earth and the Moon when the con- 
stellation passes through their shadows. 

To avoid these problems or mitigate their impact, very 
careful orbit optimizations and controls have been stud- 
ied in a series of papers”^ "7. It was confirmed that 
choosing high Earth orbits can free TianQin from the 
disturbing effect of the nearby gravitational field of the 
Earth-Moon system, because the Newtonian gravity-field 
environment at 10°km from the Earth is fairly quiet and 
the effect of the Earth-Moon system’s gravity field domi- 
nates at frequencies below 10~4Hz and falls off rapidly 
towards high frequencies’®. To reduce the impact of 
eclipses on the thermal stability and steady power sup- 
ply of the spacecraft, two strategies for choosing the or- 
bit were proposed”. The first selects the initial phase 
to be ~ 15°. The second one resizes the orbit to 1:8 
synodic resonance with the Moon, which raises Tian- 
Qin’ s preliminary orbital radius of 1 x 10° km to 100900 
km. With these two strategies, eclipse-free operation 
can be maintained during the consecutive three months 
on/three months off observation windows (continuous ob- 
servation for three months, then a shift to safe mode 
for three months before the next observation restarts). 
Under this scheme, the total duration of data acquisi- 
tion will be 2.5 yr throughout a 5-yr mission, and the 
stability of the constellation can be ensured. Choosing 
a three-month science run to detect GWs emitted from 
the calibration source with a signal-to-noise ratio (SNR) 
of about 10, the design requirement for the acceleration 
noise is /S, = 10715m s~2 Hz~!/? and for the displace- 
ment noise is VS, = 1 pm Hz~!/?. The noise curve is 
shown in Fig. 2. In Fig. 2, we also show various sources 
and their SNRs as expected to be measured by TianQin. 

In addition to the calibration source, TianQin is capa- 
ble of detecting GWs in the frequency range 0.1 mHz—0.1 
Hz. Major sources of such GWs include Galactic bi- 
naries such as double white dwarf binaries”, stellar- 
mass BH binaries”, the inspiral, merger and ringdown 
of intermediate-mass BH binaries, MBH binaries®® *?, 
SMBH binaries’, extreme-mass-ratio inspirals**, GWs 
from early Universe®®*°, exotic sources such as cosmic 
strings®”°> and unmodelled sources. Expected key sci- 
ence drivers for TianQin are studies of the seeds and 
growth of BHs, the no hair theorem, the nature of grav- 
ity, the expansion of the Universe, and even high-energy 
physics in the early Universe®!:5?:8759, The unique fre- 
quency range covered by TianQin makes it ideally suited 
to multi-band astronomy. 

To realize these scientific goals, the project roadmap 
for TianQin was announced in 2015, called the 0123 
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FIG. 2. Noise curves along with various sources. We use 
fitted sensitivity curve for DECIGO'”? and the noise curves 
for PTAs from ref.'°*. The blue lines denote the signals from 
BBHs with equal mass at z = 3. All of the signals start 
from 1 yr before the merger. The SNRs of these sources in 
TianQin were calculated with 1 yr observation time. For the 
GW150914-like source, the SNRs in TianQin and advanced 
LIGO (aLIGO) are about 5.6 and 110, respectively. TQ, 
TianQin. TJ, Taiji. 


plan, to develop key technologies strategically and 
systematically®: 


e Step 0: construct a laser ranging station on the 
ground to explore the high precision orbital infor- 
mation for TianQin through a lunar laser ranging 
experiment. 


e Step 1: launch a single satellite primarily to test 
and demonstrate the readiness of the inertial refer- 
ence technology. 


e Step 2: launch a pair of satellites to test and 
demonstrate the readiness of the intersatellite laser 
interferometry technology. 


e Step 3: launch three satellites to form the TianQin 
constellation to detect GWs. 


Work towards step 0 started in 2016. The TianQin 
team manufactured a 17 cm single hollow corner-cube 
retro-reflector and installed it on the Chang’e-4 relay 
satellite, QueQiao, which was launched on 21 May 2018 
and reached the halo orbit at the L2 Lagrange point. 
The TianQin team also constructed a 5,000m? (1.2 acre) 
laser rangefinder station on top of Fenghuang mountain 
in the Zhuhai campus of Sun Yat-Sen University. The 
station contains a 1.20 m (1.3 yd) reflector telescope, 
a multichannel superconducting single-photon detector 
that can operate at temperatures below —200°C, a high- 
repetition-frequency short-pulse solid-state laser, and a 
laser-rangefinder optical platform. In addition to the 
reflection signal from the corner-cube retro-reflector on 
the relay satellite, the station successfully received laser 
ranging signals echoed from all five retro-reflectors on the 


Moon. The Earth-Moon distance can be precisely mea- 
sured through the time interval between the moment the 
telescope emits laser beams and receives them back from 
the reflectors on the Moon. The work of the TianQin 
laser rangefinder station has made China the third coun- 
try to succeed in measuring the Earth-Moon distance 
through echo signals from the lunar surface. The mea- 
surement provides centimeter precision on the location of 
the TianQin satellites, which showcased the advantages 
of a geocentric orbit in satellite navigation. 

The main objective in step 1 is to launch the TianQin- 
1 satellite and test the inertial sensing, micronewton 
propulsion, drag-free control and laser interferometry 
technologies with in-orbit experiments. Another purpose 
of TianQin-1 is to test the temperature control technolo- 
gies and center-of-mass measurements of the satellite. 
Work for step 1 started in 2016 and TianQin-1 recieved 
official approval from the China National Space Admin- 
istration in 2018. TianQin-1 was successfully launched 
on 20 December 2019 and all its mission goals have 
been achieved®°. The inertial sensor with a calibrated 
sensitivity of 5 x 10712? ms~?Hz~'/? at 0.1 Hz on the 
ground detected the residual acceleration of the satellite 
as about 1 x 10719 ms~2Hz~!/? at 0.1 Hz and about 
5 x 1071! m s~2Hz~'/? at 0.05 Hz. The thrust resolu- 
tion is about 0.1 uN and the thrust noise is about 0.3 uN 
Hz~!/? at 0.1 Hz for the micronewton thrusters. With 
drag-free control, the residual noise of the satellite is 
about 3 x 107° ms~2Hz'/? at 0.1 Hz. The noise of 
the optical readout is about 30 pm Hz~!/? at 0.1 Hz. 
The temperature control is about +3 mK per orbit. The 
mismatch in the center-of-mass measurements between 
the satellite and the test mass is about 0.1 mm. 

For step 2, TianQin is scheduled to launch a pair of 
satellites (TianQin-2) in 2025 to make a major technolog- 
ical breakthrough in testing high-precision intersatellite 
laser interferometry. In addition, TianQin-2 will use laser 
ranging to conduct high-precision distance measurements 
between the two satellites and map the global gravity 
field. TianQin-2 may detect GWs if it were not subject 
to substantial laser phase noise. It is expected that the 
smooth advancement of step 2 will secure the final stage 
of TianQin project to deploy three satellites in geocentric 
orbit in 2035 and detect GWs. 

TianQin project was jointly developed by Sun Yat- 
Sen University and Huazhong University of Science and 
Technology, and more than 40 institutions in China have 
now joined the project. International collaborations have 
always been encouraged and the international advisory 
committee was formed in 2018 to advise on the devel- 
opment of the TianQin project and invite international 
collaborations (http: //tiangin.sysu.edu.cn/en). 


III. TAIJI PROJECT 


In 2016, the Chinese Academy of Sciences announced 
the Taiji (AK) programme to detect GWs in space?°. In 


a heliocentric orbit, the external heat flux fluctuation of 
each satellite can be minimized because the Sun-pointing 
angle of the satellite is very stable. The center of mass of 
the constellation is about 1 au from the Sun and the con- 
stellation has an inclination angle of 60° with respect to 
the ecliptic plane to maintain the geometry of an equilat- 
eral triangle throughout the mission. The normal vector 
of the detector plane rotates around the normal vector of 
the ecliptic plane, forming a cone with a 60° half open- 
ing angle and a period of 1 yr. Since the arm length 
of Taiji is longer than LISA, it is more sensitive to low- 
frequency GWs emitted by SMBHs mergers, provided 
that Taiji and LISA have the same level of acceleration 
noise?! °°, The design goal for the displacement noise 
is /S, = 8 pm Hz~'/? and for the acceleration noise is 
VSa = 3 x 10715 m s7? Hz-!/? at 1 mHz (ref.4”). The 
noise curve is shown in Fig. 2. 

The primary target GW sources of Taiji are coalescing 
MBH binaries with total masses between 104 to 108 Mo. 
Other sources include Galactic binaries, the inspirals of 
stellar-mass BH binaries, BH-neutron star binaries, the 
extreme- and intermediate-mass-ratio systems, stochas- 
tic GW background and unknown sources. Most Galac- 
tic binary sources constitute confusion noises for Taiji 
and LISA because they cannot be resolved individually. 
Expected key science motivators for Taiji are studies of 
galactic nuclei, the formation history of SMBHs and the 
evolution of stars in the Milky Way; the role of merg- 
ers in galaxy evolution; strong field environments close 
to MBHs; the nature of gravity; and the physics of the 
early Universe. Taiji will also address problems such as 
how the intermediate-mass seed BHs were formed, how 
seed BHs grow and whether dark matter could form a 
BH25:47,91,93. 

According to the initial mission plan, Taiji will be 
launched around 2033. A roadmap towards Taiji’ s final 
goal is given in three steps. 


e Step 1: develop and test Taiji’ s key technologies 
in ground laboratories. To determine the short- 
fall between current capabilities and the final Taiji 
requirements, a pre-pathfinder mission called Taiji- 
1 is planned to test the most important individ- 
ual technologies, including the laser interferom- 
eter, gravitational reference sensor, micronewton 
thruster, and drag-free control. 


e Step 2: Taiji pathfinder (Taiji-2) is planned to be 
launched between 2023 and 2024. Taiji-2 is a pair 
of technology demonstration satellites designed to 
cover almost all of the Taiji technologies except the 
time-delay interferometer. 


e Step 3: After the technological obstacles are cleared 
by Taiji-2, the complete Taiji constellation (Taiji-3) 
is expected to launch in 2033 to detect GWs. 


Taiji-1 was successfully launched on 31 August 2019, 
and all designed missions were completed®’. The first- 
stage in-orbit test of Taiji-1 showed that the accuracy of 


the displacement measurement of the laser interferometer 
reached the order of 100 pm, the accuracy of the gravita- 
tional reference sensor on the satellite reached subnano-g 
and the resolution of the microthruster was better than 
1 uN. The successful test meets the expectation of the 
Taiji-1 mission design and shows that Taiji technology is 
feasible. 

The Taiji pathfinder has a pair of satellites with a pre- 
liminary distance of 5 x 10° km between them, which will 
take the same orbit and have the same satellite and pay- 
load designs as Taiji. Individual spacecraft in the Taiji 
pathfinder will install only one laser interferometer sys- 
tem, forming a single-arm laser interferometer space an- 
tenna that could, in principle, detect GWs if it were not 
subject to overwhelming laser phase noise. One of the 
satellites will have two sets of inertial sensors that will 
be arranged in the same configuration as Taiji. There- 
fore, the drag-free control method with two degrees of 
freedom can be tested. To reduce the cost, there may be 
one inertial sensor on the other spacecraft. 

The laser for Taiji and Taiji pathfinder has a wave- 
length of 1064 nm and the prototype has already been 
built in the Chinese Academy of Sciences. A frequency 
stability of 30 Hz Hz~!/? of the laser has been achieved. 
The prototype of the Taiji interferometer has been built, 
and the main functionalities have also been tested. The 
precision of the displacement measurement achieves 15 
pm Hz~!/?, 1064 nm laser phase locking achieves 20 
pm Hz~!/? and phasemeter readout precision reaches 
27 prad Hz, 

To support the development of the Taiji programme 
with scientific, technical and management services, the 
Gravitational Cosmic Taiji laboratory (Taiji Lab) was es- 
tablished in the UNESCO International Center for The- 
oretical Physics Asia-Pacific (ICTP-AP). The Univer- 
sity of Chinese Academy of Sciences and other insti- 
tutes of the Chinese Academy of Sciences are involved in 
the Taiji programme. The Taiji group has outlined the 
possibility of a direct collaboration with LISA (https: 
//ictp-ap.org/page/taiji-laboratory). 


IV. FUTURE JOINT OBSERVATIONS 


The planned space-based GW observatories LISA, 
TianQin and Taiji will complement each other, listen in 
the dark for any gravitational echo and provide an es- 
sential window into an unseen universe. With the joint 
observations of these three detectors, more sources and 
richer physics will be uncovered. In addition to sky cover- 
age, source localizations and parameter estimations, joint 
space-based GW observations are promising for measur- 
ing GW polarizations and testing the theory of relativity. 
The advantage of a two-detector network in space was 
first studied in ref.°*. 

From Fig. 2, we see that Taiji is similar to LISA except 
that it is 2—5 times more sensitive than LISA above mil- 
lihertz frequencies because of its longer arm length. Al- 


though their abilities and scientific objectives are similar, 
a combined network of LISA and Taiji could outperform 
individual detectors in localizing GW sources accurately 
and quickly. It was shown that with the LISA-Taiji net- 
work, the accuracy of the sky localization can be im- 
proved by two orders of magnitude for coalescing equal- 
mass BH binaries with a total mass 105Mọ at z = 1 
and z = 3 (refs.47°°). The LISA-Taiji network improves 
the angular resolution for various time-delay interferom- 
etry channels by more than 10 times over each individual 
LISA or Taiji detector for SMBH binaries with a mass ra- 
tio q = 1/3 and masses Mı = 10’ Mo, 10ê Mo and 10°Mo 
respectively for a primary BH at z = 2, whereas the 
improvement from the LISA-Taiji network is moderate 
for monochromatic GWs at 3 mHz and 10 mHz (ref.°°). 
The search for polarization contents and parity violation 
in the Stochastic GW Background with the LISA-Taiji 
network was discussed in refs.°7 °°. It was shown that 
after 10 years of observation of the Stochastic GW Back- 
ground around 1-10 mHz with the LISA-Taiji network, 
the detection limit on extra polarizations other than the 
plus and cross modes could be improved by five orders of 
magnitude over the current upper bound around 10-100 
Hz obtained with ground-based detectors?”. Employing a 
class of parameterized post-Einsteinian waveform!”° with 
six parameters, the measurements on amplitudes of alter- 
native polarizations from joint LISA-Taiji observations 
could be improved by more than 10 times compared with 
the LISA mission only in an optimal scenario’. 


TianQin is more sensitive to higher frequencies, so 
it avoids the confusion noise and it is better suited to 
combine with a third-generation ground-based detector 
for multi-band astronomy. Considering that the LISA 
and TianQin detectors have different concepts and or- 
bits, it is expected that they would be complementary 
to each other and that the LISA-TianQin network could 
improve the sky localization of GW sources. For the 
Galactic double white dwarf binaries, it was shown that 
the localization can be improved up to three orders of 
magnitude’® compared with the single TianQin detector. 
For monochromatic sources, it was found that TianQin 
performs better than LISA and Taiji at higher frequencies 
(above tens of millihertz)°°°". The LISA-TianQin net- 
work can localize sources with frequencies in the range 
1-100 mHz much more efficiently and the network has 
greater sky coverage in terms of the angular resolution 
than individual detectors?®:37, 


To explore the complementarity of the TianQin-Taiji 
network, we took monochromatic sources with frequen- 
cies 1073 Hz, 107? Hz and 107! Hz, respectively, and 
simulated 3,600 sources uniformly distributed in the sky 
with —1/2 < 0, < 7/2 and —7 < ¢, < m. The SNR of 
the sources is chosen to be 7 with respect to LISA. Since 
the Fisher information matrix approximation provides a 
good estimation of the sky localization of the source for 
a multi-detector network!?!, we used the Fisher informa- 
tion matrix method to estimate the angular resolutions 
for space-based GW detectors. The mean angular reso- 


lution results are shown in Table I and the sky maps of 
the angular resolutions are illustrated in Fig. 3. From 
the sky maps, we see that at 1 mHz, the angular reso- 
lution and sky coverage of Taiji are much better. The 
reason is that at frequencies below several millihertz, the 
contribution of the amplitude modulation due to the an- 
nual rotation of the detector plane is similar to, or even 
better than, the Doppler modulation, and the amplitude 
modulation does not depend on angular locations of the 
sources. Above several millihertz, the amplitude mod- 
ulation is negligible and the Doppler modulation is dom- 
inant, so the accuracy of the sky localization increases 
with the frequency and the sky maps have an equatorial 
pattern. At 0.1 Hz, TianQin is more sensitive and per- 
forms better than Taiji. As shown in Table I and Fig. 3, 
the TianQin-Taiji network improves the accuracy of the 
sky localization and increases the sky coverage greatly 
over individual detectors. With the addition of LISA, 
the TianQin-Taiji-LISA network improves the accuracy 
of the sky localization by two times at 1 mHz, whereas 
the improvements at 0.01 Hz and 0.1 Hz are small. 


f/Hz| LISA Taiji TianQin |2 Network|3 Network 


107? | 2.0 x 10? | 1.4 x 10? | 1.2 x 10* | 1.3 x 10? 69 


107? 6.6 1.2 8.2 1.0 0.79 


107! |7.6 x 107?13.9 x 107216.9 x 107315.6 x 1073|4.9 x 1073 


TABLE I. The angular resolutions for monochromatic 
sources. The mean angular resolutions (in the unit of deg’) 
for monochromatic sources. 2 Network refers to the TianQin- 
Taiji network and 3 Network indicates the TianQin-Taiji- 
LISA network. 


We also simulate the coalescence of BBH with equal 
mass at z = 1. We take the component masses mı = 
mz = 10° Mo, 10* Mo and 10° Mo, and simulate the 
GW signals 1 yr before the coalescence. The results are 
shown in Table II and Fig. 4. It is clear that the network 
of Taiji and TianQin improves the sky localization by al- 
most two orders of magnitude for BBHs with the masses 
mı = m = 104 Mo, and more than two orders of mag- 
nitude for BBHs with the masses mı = mz = 10° Mo, 
compared with the sky localization of Taiji alone. The 
improvement using the network of LISA, Taiji and Tian- 
Qin is a few times higher than the network of only Taiji 
and TianQin. From Figs. 3 and 4, we see that the high- 
angular-resolution regions of the sky are larger for the 
network, so the network also improves the sky coverage. 


Mass(Mo)|LISA| Taiji] TianQin | 2 Network | 3 Network 
10° 5.95 |2.41] 49.0 0.72 0.33 
10* 7.99 | 2.97 |4.29 x 107]4.62 x 1077]1.65 x 107? 
10° 2.42 |0.64|2.39 x 10°]2.45 x 107°/6.19 x 1074 


TABLE II. The angular resolutions for coalescence 
sources. The mean angular resolutions (in the unit of deg?) 
for coalescence BBHs with equal mass at z = 1. 
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FIG. 3. Sky maps for monochromatic sources. The unit for the angular resolution is deg?. a, Sky maps of angular 
resolution for TianQin at frequencies of 1 mHz (top), 10 mHz (middle) and 100 mHz (bottom). b, The corresponding sky maps 
of angular resolution for Taiji. c, The corresponding sky maps of angular resolution for the TianQin-Taiji network. 


V. DISCUSSIONS 


GWs are truly a new window into the universe. There 
are limits to what ground-based GW detectors can do- 
we msut go into space if we want to push deeper into 
this new domain of understanding of the Universe. In 
this Perspective we have introduced the concepts and sta- 
tus of two Chinese space GW detection projects, which 
will join LISA to deploy in the 2030s. These two Chi- 
nese companions in the detection of GWs in space are 
not competitors, but instead complement each other in 
listening to the symphony of GWs, providing essential in- 
formation about the unseen Universe. While the goals of 
these Chinese projects are ambitious, they require care- 
ful awareness of the difficulties of a single country going 
it alone on such a large project, not only in terms of 
the cost, but also in terms of science and technology re- 
sources. Future possible collaborations between Chinese 
researchers and international experts are necessary. In- 
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